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The building sector is responsible for consuming approximately 40% of the final energy in Europe.
However, more than 50% of this consumption can be reduced through energy-efficient measures. Our
society is facing not only a severe and unprecedented environmental crisis but also an economic crisis
of similar magnitude. In light of this, EU has developed legislation promoting the use of the Cost-
Optimal (CO) method in order to improve building energy efficiency, in which selection criteria is based
on life cycle costs. Nevertheless, studies show that the implementation of energy-efficient solutions is far
from ideal. Therefore, it is very important to analyse the reasons for this gap between theory and imple-
mentation as well as improve selection methods. This study aims to develop a methodology based on a
cost-effectiveness analysis, which can be seen as an improvement to the CO method as it considers the
investment willingness of stakeholders in the selection process of energy-efficient solutions. The method
uses a simple graphical display in which the stakeholders’ investment willingness is identified as the
slope of a reference line, allowing easy selection between building solutions. This method will lead to
the selection of more desired – from stakeholders’ point of view – and more energy-efficient solutions
than those selected through the CO method.
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One of the main contributors to the world’s severe environmen-
tal crisis is energy production and usage. In the EU-27, 80% of total
GHG emissions are energy related [1]. In 2007 the Intergovern-
mental Panel on Climate Change (IPCC) [2] stated that the biggest
portion of growth in carbon emissions was related to the buildings’
operation. The building sector is responsible for consuming
approximately 32% of the final energy and almost 40% of primary
energy in Europe [3]. In many countries energy is also an important
issue due to their high dependency on fossil fuel imports. More-
over, in 2013 more than half (53.2%) of the EU-28’s gross inland
energy consumption came from imported sources [4]. One obvious
way to solve Europe’s energy problems is to reduce energy con-
sumption [5]. This can be achieved through building energy-
efficient measures [6,7].
In order to deal with these issues and to accomplish the Euro-
pean climate and energy targets for 2020 [8], 2030 [9] and 2050
[10], substantial changes must be applied within the building sec-
tor. The Directive 2002/91/EC on Energy Performance of Buildings
(EPBD) and its recast, the Directive 2010/31/EU, are currently the
most important policies [3,11]. They aim to improve buildings’
energy performance. In order to fulfil the requirements of these
directives, several energy-efficient measures are to be applied both
in new buildings and in retrofitting operations. In order to evaluate
the energy and economic performance of building elements, the
EPBD recast [3] has been imposed on EU Member States to imple-
ment a comparative methodology for calculating Cost-Optimal
(CO) levels of minimum energy performance requirements for
buildings and building elements [3]. The framework for the COFig. 1. Graphical representation ofmethodology has been published in the delegated regulation
244/2012 [12].
The CO method defines a reference scenario, representing the
local building market, and compares several alternative building
solutions based on their primary energy demand and Life Cycle
Costs (LCC). The solutions are graphically represented, based on
these parameters. This methodology assumes that the solutions
(presented as dots) will draw a typical U-shaped curve, as shown
in Fig. 1. The less expensive solution is therefore easily identified
at the bottom. The selection process of the CO method indicates
the CO building solution as the one leading to the lowest estimated
LCC [12].
The selection criteria for EU’s CO method focuses on the lowest
LCC solution, and therefore prioritised over energy performance.
This is because the development of the CO method was in align-
ment with policy makers needs and not with building investors
or users’ interests. This method was developed to be applied in
the macro economy and aims to support the definition of reference
values for CO solutions in EU Countries. In cases where stakehold-
ers are less concerned with economic performance or more aware
of environmental problems, this methodology can unnecessarily
lead to higher energy consumption. In these cases it is necessary
to develop and apply methods specifically developed to be used
by small investors in a micro economy context.
Congedo et al. [14] and Baglivo et al. [15] applied the CO
method to identify cost-optimal levels in new residential buildings
located in a warm climate. The results showed that there is a gap
between the CO solution and the energy-optimal solution, suggest-
ing that this aspect should be thoroughly analysed. Becchio et al.
[16] and Pikas et al. [17] reached the same conclusions. Due tothe Cost-Optimal method [13].
126 C. Araújo et al. / Applied Energy 173 (2016) 124–133the urgent need to reduce energy consumption in buildings, the
selection should fall on more efficient solutions that can still be
profitable. Building retrofitting solutions should be seen as a way
to not only decrease costs but also improve environmental perfor-
mance. Furthermore, the implementation of energy-efficient mea-
sures is still far away from ideal and there is still a considerable
energy saving potential in this sector [18,19].
Several studies have been conducted in order to identify the
major barriers to a wider implementation of energy-efficient mea-
sures. Numerous authors such as Ahn and Pearce [20], Baek and
Park [21], Issa et al. [22] and Thollander et al. [23] identified the
initial costs of solutions as one of the biggest issues. The literature
review performed within the European project Entranze (www.
entranze.eu) reached the same outcome. Other studies [24–28]
called attention to the lack of information on costs and benefits
from stakeholders as another crucial aspect limiting their invest-
ment in energy-efficient measures. Thus, it is important to develop
methods that promote the selection of not only cheaper but also
more energy-efficient solutions than those selected through the
CO method.
Other studies have been conducted with a view to analysing
the costs and benefits of energy-efficient measures [29–31]. Nev-
ertheless, these studies do not present a consistent method to
select optimal solutions. As a result, some authors tried to develop
several methods in order to analyse the economic viability of
energy-efficient measures. Alajmi et al. [32] proposed the use of
the Payback Period. Pal et al. [33] proposed the use of Life Cycle
Costs (based on the Net Present Value approach). However, these
approaches also prioritise the economic viability of solutions.
Popescu et al. [34] concluded in their study that other parameters
than the initial and operational costs should be considered in the
analysis of energy-efficient measures. This is in line with the
understanding that a building with energy-efficient measures
has an added value, and therefore stakeholders may be more will-
ing to pay for such measures. Banfi et al. [35] studied the con-
sumers’ willingness to pay for energy-saving measures in
Switzerland’s residential buildings. The results suggest that the
benefits of energy-saving attributes are significantly valued by
consumers.
In fact, a solution cannot be considered as economically viable if
stakeholders are not willing to pay for it. Therefore, other studies
have already been conducted in order to assess stakeholders’ will-
ingness to pay for sustainable solutions. Zalejska-Jonsson [36]
analysed the rational willingness to pay for green apartments in
Sweden. Dagher and Harajli [37], and Harajli and Gordon [38] anal-
ysed the willingness to pay for renewable-based electricity in
Lebanon. Soon and Ahmad [39] developed a meta-analysis on the
willingness to pay for renewable energy. Park et al. [40] analysed
the willingness to pay for improvements in environmental perfor-
mance of residential buildings. All in all, these studies succeeded in
demonstrating the importance of taking into consideration stake-
holders’ willingness to pay for sustainable solutions. However,
there is a lack of a comparative methodology that takes this param-
eter into account. Moreover, stakeholders’ opinion on the process
of comparing building solutions is important, because it leads to
the selection of solutions that best suits their interests. Thus, this
guarantees that the selected solution is in fact implemented in
real-life situations [41]. This is very important since it bridges
the gap between research and implementation.
The objective of this work is to develop and propose an alterna-
tive method to the CO method where the selection of the best
building retrofitting solution is according not only to the LCC and
energy performance of solutions, but also to stakeholders’ desire/
willingness to invest in energy-efficient solutions. This will lead
to a higher saving potential of EU’s residential buildings, and con-
sequently optimise the use of energy resources.2. Methodology
The Cost–Benefit Analysis (CBA) method developed in this
paper intends to compare different building solutions with regard
to their costs and energy performance. The analysis of the eco-
nomic performance of each solution is based on capital costs
(regarding common market practices), operational costs and main-
tenance costs. The energy performance of each solution is assessed
according to the method presented in ISO 13790 (ISO, 2008).
Nevertheless, different methods are possible in order to assess
the energy performance of buildings.
In order to develop the comparison and selection method,
the CBA method was applied to a case-study building. Several
energy-related building solutions were analysed and tested. Subse-
quently, the solutions were displayed in a graphical representation
– similar to the one used in the CO method – and the comparison
method was developed. Results and conclusions were drawn for
each type of solution. Finally, a sensitivity analysis was performed
to assess the robustness of the method in terms of energy prices
and discount rate.
3. Development of cost–benefit analysis method
The CBA method enables the comparison between different
building solutions within the context of refurbishment of a build-
ing. In order to compare solutions, a reference solution is consid-
ered. This reference solution is the existing or initially selected
solution of the building, while other solutions are considered as
alternatives. The CBA method is based on the cost and energy per-
formance difference between each alternative and the reference
solution.
3.1. Assessment of life cycle costs
As presented in Eq. (1), the building’s LCC were assessed accord-
ing to the method proposed in the European Commission Dele-
gated Regulation No. 244/2012 of 16 January 2012 [12].
CgðsÞ ¼ CI þ
X
j
Xs
i¼1
ðCa;iðjÞ  RdðiÞ  Vf ;sðjÞÞ
" #
ð1Þ
where:
s – period;
Cg (s) – global cost over the calculation period;
CI – initial investment cost for the measure j;
Ca,I (j)- annual cost during year i for measure j;
Rd (i) – discount rate for year i;
Vf,s (j) – residual value of measure j at the end of the calculation
period.
A discount rate (inflation) of 3% was also taken into account, as
well as the evolution in the energy costs. The energy prices pre-
dicted in EU energy trends to 2030, published by the European
Commission in 2009, were considered for the period between
2013 and 2030 [42]. The prices forecasted in the Energy Road
Map 2050 were used for the period between 2030 and 2043 [43].
Investment costs are estimated based on market analysis, and
maintenance costs are calculated according to the required main-
tenance, and replacement costs if needed, for each type of solution.
3.2. Assessment of energy performance
The energy needs for heating and cooling are regulated accord-
ing to certain comfort conditions (Summer Comfort Temperature:
25 C and Relative Humidity of 50%; Winter Comfort Temperature:
20 C), and based on building characteristics and location.
Cheaper solutions
More efficient 
solutions
Fig. 2. Graphical representation of the Cost–Benefit Analysis method. Fig. 3. Graphical representation of the value of money reference line.
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in accordance with the methodology included in the Portuguese
thermal regulation, which is based on the quasi-steady state
method presented in ISO 13790. The Portuguese thermal regula-
tion provides the values of the degree-days and uses the envelope
heat balance method for the calculation of heating needs. With
regard to cooling needs, it uses the average difference between
indoor–outdoor temperature and the envelope heat balance during
the cooling period. The energy used for Domestic Hot Water
(DHW) preparation is calculated according to the reference DHW
consumption: 40 L per person and per day, heated at 60 C [44].
The difference in life cycle energy performance is related to the
difference in the building energy needs of each alternative solution
when compared to the reference solution. Heating, cooling and
DHW systems as well as the production of renewable energy, their
service life and number of replacements needed over the 30 years
of the building’s life are accounted as maintenance costs.
3.3. Cost–benefit analysis method – graphical schematisation
The visualisation method uses a bi-dimensional graphical rep-
resentation (Fig. 2). The vertical axis represents the cost variation,
and the horizontal axis represents the energy performance varia-
tion. An alternative solution is always represented by a point in
the graph. The reference solution is always represented by point
(0, 0). The less expensive solutions will appear at the bottom in
the graph, while the solutions with better energy performance will
appear in the rightmost area of the graph.
In this study, the value of DEn and DCost are calculated accord-
ing to Eqs. (2) and (3), respectively.
DEn ¼ Enref  Enj ð2Þ
DCost ¼ Costj  Costref ð3Þ
where
Enj is the energy consumption of solution j;
Enref is the energy consumption of the reference solution.
Costj is the life cycle cost of solution j;
Costref is the life cycle cost of the reference solution.
This means that if the DEn value is positive, the solution is bet-
ter than the reference solution as it consumes less energy. On the
other hand, if the DEn value is negative, the solution consumes
more energy, which means that it is worse than the reference solu-
tion. Moreover, ifDCost has a positive value, it means that the solu-
tion j is worse as it is more expensive than the reference solution.
This method takes into consideration some important aspects
when comparing solutions. When a solution is cheaper and has a
better energy performance than others, it is easy to fall into the
conclusion that it is better than the reference solution (in the graph
it appears at the bottom right corner of the quadrant IV). However,
when comparing alternatives in which one is more expensive buthas better energy performance than the other, such conclusions
may not be so obvious. The solution to this problem lies in finding
a comparison method that takes into account the value of money
or the stakeholder’s willingness to invest in expensive high perfor-
mance solutions or in cheap low performance solutions. This com-
parison method is very important to provide an answer to the
question: To what extent is someone willing to pay for a certain
improvement in the energy performance of a building?
In numerical terms, this is the same as choosing an ideal cost–
benefit ratio for a certain budget. This ratio can be very different
between stakeholders. In order to define this ratio, stakeholders’
investment willingness should be analysed. The comparative line
should be adapted to each stakeholder. This will allow not only
the comparison of solutions but also the selection of the one that
best suits each individual.
Taking into account that the willingness to invest in energy-
efficient measures can vary for different levels of investment or
desired energy efficiency, the line can take a linear or non-linear
shape.
In order to test this method’s real application, this work uses a
linear relationship based on what is considered economically
viable in Portugal according to Decree Law 79/2006 [45]. This cor-
responds to a payback period of 8 years. The cost difference
between two solutions (DCost) is related to the product between
the annual energy needs variation (DEn) and the energy costs
(Ecost). By considering the payback period of 8 years, a line can
be drawn in the graph by using Eq. (4) that represents the value
of money (Fig. 3).
DCostðjÞ ¼ DEnðjÞ  A
XPB
i¼1
EcostðiÞ  RdðiÞ ð4Þ
where:
DEn – primary energy needs variation (kW h/m2 year);
DCost – cost variation (€);
A – net area (m2);
PB – payback period (years);
Ecost (i) – primary energy cost (€/kW h);
Rd (i) – discount rate for year i.
3.4. Process for comparison and selection of solutions
The payback period is a good indicator of the economic
feasibility of a solution as it presents the length of time required
for the investor to recover the invested value. However, it is not
enough to adequately compare different solutions. For instance, if
a solution presents a good payback period, this could mean that
the solution has a good implementation potential. On the other
hand, if its initial costs are higher than the amount the investor
is able to invest, it will not be preferable. In fact, the EU’s CO
method selects the solution with the best payback period. This is
equivalent to graphing a horizontal line that gives 100% weight
to economic performance.
Legend:
1. Kitchen
2. Storeroom
3. Office
4. Bathroom
5. Corridor
6. Living room
7. Hall
8. Bedroom
9. Bathroom
10. Corridor
11. Bathroom
12. Bedroom
13. Bedroom
14. Bedroom
15. Bathroom
16. Balcony
Fig. 4. Layout of the building’s first floor.
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solutions by taking into account an ideal relation between eco-
nomic and energy performances (represented by the gradient of
the reference line). Points positioned on top of a line parallel to
the reference line will have exactly the same cost–benefit relation.
After defining the gradient, solutions can be compared regarding
their distance to the reference line. The lower and to the right a
solution is located in relation to the reference line, the better its
cost–benefit ratio will be.
The distance of a point to a line in a bi-dimensional graph is cal-
culated by Eq. (5). This equation compares solutions by taking into
account all intended variables.
dP;s ¼ ðax0 þ by0 þ cÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a2 þ b2
q 
ð5Þ
where
d – distance from point P to line s;
a, b, c – coefficients of the line s equation;
x0, y0 – coordinates of point P.
Thus, this distance represents the perpendicular distance
between a point representing the (economic and energy) perfor-
mance of each solution and the reference line. The best solution
is the one with the greatest negative or smallest positive distance
(d) to the reference line.4. Case study
The case study (Fig. 4) is a four-room single-family detached
house with a heated area of 271.6 m2. It is located in the North91959
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Fig. 5. Building and dwelling distribution acof Portugal at an altitude of 74 m and about 25 km from the
Atlantic Ocean. According to the Portuguese legislation, the
climatic region of this building is I2, V2 North (between the most
severe, I3 V3, and the mildest, I1 V1, climatic regions) and its
thermal inertia is classified as heavy.
This case study represents a significant number of buildings in
Portugal. As presented in Fig. 5, Portugal has around 3,500,000
buildings and 5,700,000 dwellings, where the North stands
out for having the largest portion (around 1,200,000 buildings
and 1,800,000 dwellings). In Portugal, detached houses are very
common, representing the most popular type of construction,
and approximately 91% of the Portuguese buildings were architec-
turally developed to have 1 or 2 dwellings [46,47].
The DHW preparation system of the case study is a boiler. This
system’s efficiency could not be determined either in the visit to
the building or by analysing the building’s documents. In these
cases, the Portuguese thermal regulation states the properties
that should be assumed when performing energy calculations.
For a gas boiler, an efficiency of 65% should be considered. With
regard to the calculations for heating and cooling needs, the
following systems were considered (common practice in
Portuguese dwellings) [46].
– Heating system – an electrical resistance with a nominal
efficiency of 1.
– Cooling system – a refrigerating device with a nominal
efficiency of 3.
Fig. 6 presents a sectional view of the case-study building,
showing the heated and non-heated areas. The heated area is the
living area where the temperature should be controlled and kept129642
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cording to geographic zones in Portugal.
Fig. 6. Sectional view of the case-study building.
Table 1
Area and orientation of the building’s elements.
Element Area (m2) Orientation
External walls 41.8 North
29.5 South
36.1 East
44.9 West
Glazing 3.3 North
6.1 South
3.3 East
7.7 West
Roof 217.6 –
Floor 217.6 –
C. Araújo et al. / Applied Energy 173 (2016) 124–133 129within the range of the comfort temperatures. The Portuguese
thermal regulation defines the rules for identifying the heated
and non-heated areas of buildings. As the ground floor and the loft
are non-heated spaces, this study only takes into consideration the
areas located in the first floor.
The building has double cavity external walls and single cavity
internal walls. The roofs and floors are voided slabs and the win-
dows are double glazed with metal frames. Table 1 presents the
area and orientation of the elements of the building.
For the purpose of this work, some energy parameters were
chosen in order to find energy-efficient solutions that areTable 2
Case-study reference solutions.
Parameter Solution
1. Heat transfer
coefficient
1.1. External walls Double-leaf
polystyrene
1.2. Roof Lightweight
1.3. Floor Lightweight
1.4. Windows Double glazi
1.5. Surface thermal bridges Reinforced c
2. Indoor air changes rate (Rph) Natural vent
3. Solar factor of
Windows
3.1. Summer – glass type analysis Colourless d
3.2. Summer – external protection analysis Window ext
3.3. Winter Window int
4. Shading factor 4.1. Shading factor – Horizontal shading –
Foa
A horizontal
4.2. Shading factor – Vertical shading – Ff A vertical sh
5. Absorption factor of external walls (a)b Colour of ex
6. Efficiency of DHW preparation systems (ga) Boiler
7. Contribution of solar systems to DHW preparation (Esolar)c Solar collect
8. Heating system efficiency (gi) Electrical res
9. Cooling system efficiency (gv) Refrigerating
a The shading factor represents the reduction of the solar radiation received by a win
b The absorption factor represents the capacity of the external walls to absorb energy
c Esolar is the quantity of energy (kW h) produced by solar systems for DHW preparaimportant in the calculation of the building’s energy performance.
In previous work, these parameters were considered the most
influential parameters regarding the buildings’ energy needs and
energy rating in the Portuguese regulation [48].
The parameters chosen are the following: (1) the heat transfer
coefficient (U) of walls, roof, floor, surface thermal bridges and
windows; (2) the number of air changes per hour (Rph); (3) the
solar factor of windows (g); (4) the shading factor (Fs) of vertical
and horizontal windows; (5) the absorption factor of external walls
(a); (6) the efficiency of the DHW preparation system (ga); (7) the
contribution of solar systems to DHW preparation (energy sup-
plied by the sun – Esolar); (8) the heating system efficiency (gi);
and (9) the cooling system efficiency (gv).
The solar factor of windows is the ratio between the solar
energy transmitted through the window and the total solar radia-
tion that hits the window [44]. In order to calculate this value, the
existence of external and/or internal solar protection must be
considered.
For each of the aforementioned parameters, alternative solu-
tions to the conventional reference solutions existing in the build-
ing were investigated. The selected alternative solutions include at
least one high-performance and one low-performance solution.
Notwithstanding, all the selected solutions are used and marketed
in Portugal, and were chosen because they represent the most
common solutions used in the Portuguese single-family detached
houses. In total, eighty-two different solutions were analysed.
The reference solutions for each of the aforementioned param-
eters are shown in Table 2.
The case-study building complies with all the legislative ther-
mal requirements, and its energy label is B- (minimum allowed
for new buildings).5. Discussion on the application of the cost–benefit analysis
method
The following chapters will present the application of the
method to the solutions analysed under two of the aforementioned
parameters: heat transfer coefficient of external walls (parameter
1.1) and heat transfer coefficient of floor slabs (parameter 1.2).
These two parameters were chosen because their results draw onValue
cavity wall (15 cm + 11 cm) with 4 cm of extruded U = 0.50 W/m2 C
slab with 4 cm of extruded polystyrene U = 0.50 W/m2 C
slab with 4 cm of extruded polystyrene U = 0.50 W/m2 C
ng with metal frames U = 3.10 W/m2 C
oncrete pillar with 3 cm of extruded polystyrene U = 0.70 W/m2 C
ilation Rph = 0.95
ouble glazing g = 0.75
ernal protection – Wooden shutters g = 0.46
ernal protection – Curtains g = 0.63
shading element in two East-oriented windows Winter  Fo = 0.71
Summer  Fo = 0.61
ading element in two East-oriented windows Winter  Ff = 0.74
Summer  Ff = 0.96
ternal walls – white a = 0.4
ga = 0.65
or (forced circulation system) Esolar = 2153 kW h
istance COP = 1
device EER = 3
dow due to permanent shading devices (horizontal or vertical).
from solar radiation.
tion, calculated according to the Portuguese thermal regulation.
Table 3
Alternative solutions to analyse the heat transfer coefficient of external walls.
Solution U (W/
m2 C)
1. Reference Solution: Double cavity wall (15 cm + 11 cm) with
4 cm of Extruded Polystyrene (XPS)
0.50
1.1. Double-leaf cavity wall (15 cm + 11 cm) with 3 cm of XPS 0.58
1.2. Double-leaf cavity wall (15 cm + 11 cm) with 8 cm of XPS 0.32
1.3. Double-leaf cavity wall (22 cm + 22 cm) with 8 cm of XPS 0.28
1.4. ETICS – single-leaf cavity wall (15 cm) with 4 cm XPS 0.58
1.5. ETICS – single-leaf cavity wall (15 cm) with 8 cm XPS 0.35
1.6. ETICS – single-leaf cavity wall (22 cm) with 8 cm XPS 0.33
130 C. Araújo et al. / Applied Energy 173 (2016) 124–133important conclusions about the potential of the method, such as
the influence of the capital costs versus operational costs, and
the importance of the gradient of the reference line. The applica-
tion of the method to other parameters showed similar results
and analysis, and hence are omitted due to space constraints.
The value of initial costs and LCC have different weights to dif-
ferent stakeholders (a building user may be more interested in the
operational costs and an investor may be more concerned with the
initial costs). Therefore, the initial costs of each solution are also
presented, although the CBA was based on LCC.
5.1. Heat transfer coefficient of walls belonging to the exterior
envelope
The reduction of heat transfer through the building envelope is
very important in order to achieve energy efficiency in buildings
[49], as well as to prevent some building pathologies. The eco-
nomic analysis performed for the parameter ‘‘Heat transfer coeffi-
cient of external walls” is presented below. The alternative
solutions used to perform the analysis of this parameter are shown
in Table 3. The characterisation and results of these solutions are
shown in Table 4. Finally, Fig. 7 shows the graphical representation
of the alternative solutions.
The values used in this analysis are shown in Table 4. The initial
and operational costs of each alternative solution are presented inTable 4
Economic analysis of heat transfer coefficient of external walls.
Solution Initial costs (€) Operational costs (€) Life cycle co
Solution 1 (reference) 5189 73,521 7710
Solution 1.1 4863 75,105 79,968
Solution 1.2 6349 69,967 76,316
Solution 1.3 6860 69,178 76,039
Solution 1.4 5755 75,105 80,861
Solution 1.5 6193 70,557 76,750
Solution 1.6 6690 70,166 76,856
Solution  1
Solution 1.1
Solution  1.4
So
-3000
-2000
-1000
0
1000
2000
3000
-4 -2 0 2
Δ
Fig. 7. Graphical representation of the economic analthe second and third columns. The LCC variation of each alternative
solution compared to the reference solution is presented in the
fifth column. The energy needs of each solution (En) are presented
in the sixth column, and the variations of energy needs between
the alternative solutions and the reference solutions (DEn) are
shown in the seventh column. Finally, the distance between the
point representative of each solution and the value of money refer-
ence line (d) is presented in the last column. As explained before,
the solutions with the best relation between energy and economic
performance are those with the greatest negative or smallest pos-
itive distance (d) to the reference line (Fig. 7).
The alternative solution with the best cost–benefit relation is
Solution 1.3 as it presents the lowest value of d (d = 7, 66).
Although this solution shows higher initial costs, its lower energy
needs compensate for this value across its life cycle. Solution 1.1
presents lower initial costs than the reference solution, but leads
towards higher energy needs, and thus has a worse cost–benefit
relation. The analysis of this parameter shows that using an effi-
cient solution for external walls can be a good investment, even
if its initial price is higher.
5.2. Heat transfer coefficient of roofs and floors
The heat transfer coefficients of roofs and floors were studied
according to the existing construction solution on the reference
building. Four solutions were considered, three with different insu-
lation thicknesses (8 cm, 6 cm and 3 cm of XPS – Solutions 1.2.1,
1.2.2 and 1.2.3, respectively). In the reference solution, the insula-
tion is placed on the floor surface in contact with the heated
spaces. However, this solution decreases the building thermal iner-
tia. For this reason, an alternative solution with the insulation layer
placed on the opposite surface of the floor was studied (Solution
1.2.4), and its advantages were verified (its energy and economic
performance are better than the reference solution).
The economic analysis of this equipment is presented in Table 5
and Fig. 8.
However, Solution 1.2.1 presents the best relation between
economic and energy performance (it shows the greatest negativest (€) D Cost (€) En (kW h/m2 year) DEn (kW h/m2 year) d
0 104.69 0 0.00
1258 106.95 2.26 2.95
2394 99.63 5.06 6.38
2671 98.51 6.18 7.66
2150 106.95 2.26 3.45
1960 100.47 4.22 5.30
1854 99.92 4.78 5.80
Solution 1.2 Solution 1.3
lution 1.5
Solution 1.6
4 6 8
Δ
ysis of heat transfer coefficient of external walls.
Table 5
Economic analysis of heat transfer coefficient of roofs and floors.
Solution Initial costs (€) Operational costs (€) Life cycle cost (€) DCost (€) En (kW h/m2 year) DEn (kW h/m2 year) d
Solution 1.2 (reference) 27,829 73,521 101350.1 0 104.7 0 0.00
Solution 1.2.1 32,450 66,533 98983.3 2367 94.7 9.95 11.26
Solution 1.2.2 29,640 69,399 99038.1 2312 98.8 5.87 7.15
Solution 1.2.3 26,924 77,685 104609.3 3259 110.6 5.93 7.73
Solution 1.2.4 27,829 70,585 98414.7 2935 100.5 4.18 5.80
Solution 1.2
Solution 1.2.1
Solution 1.2.2
Solution 1.2.3
Solution 1.2.4-3000
-2000
-1000
0
1000
2000
3000
4000
-6 -4 -2 0 2 4 6 8 10 12
Δ
Δ
Fig. 8. Graphical representation of the economic analysis of heat transfer coefficient of roofs and floors.
C. Araújo et al. / Applied Energy 173 (2016) 124–133 131distance to the reference line), although it is not the cheapest solu-
tion (Solution 1.2.4 is cheaper). Even though solution 1.2.1 pre-
sents higher costs, its energy performance makes it preferable to
Solution 1.2.4 according to the CBA. Solutions 1.2.4 and 1.2.1 are
very similar regarding their LCC. However, with a very low cost
increase (550€), the building’s energy performance can increase
4.2 kW h/m2 year.
This example shows an added value of the CBA method: the
possibility of choosing solutions that not only are more expensive
than others but also have increased energy performance, making
them more desirable.6. Sensitivity analysis
In order to understand the consistency of the case-study results
and its behaviour before different conditions, a sensitivity analysis
was carried out. The analysis considers seven different scenarios,
where the discount rate and the energy costs vary.
The European Commission Delegated Regulation No. 244/2012
of 16 January 2012 [12] states that when a CBA is performed a sen-
sitivity analysis should also be developed with at least two differ-
ent rates. In this sensitivity analysis, the following discount rates
were considered: 1%, 2%, 4%, 5% and 6%. Regarding the energy costs
variation, an increase and decrease of 3% were analysed.
As an example, Table 6 presents the sensitivity analysis of the
parameter ‘‘heat transfer coefficient of external walls”. AsTable 6
Difference in the value of parameter ‘‘d” for each solution within the different scenarios w
d (distance from each solution point to the reference line)
Discount rate variation
1% 2% 3% 4%
Solution 1 0 0 0 0
Solution 1.1 3.157 3.047 2.953 2.
Solution 1.2 6.864 6.607 6.385 6.
Solution 1.3 8.259 7.939 7.661 7.
Solution 1.4 3.609 3.520 3.447 3.
Solution 1.5 5.706 5.491 5.305 5.
Solution 1.6 6.274 6.022 5.803 5.explained before, the best solutions are those with the greatest
negative distance to the reference line (d).
The discount rate and energy price are factors with inverse
impacts. The increase in the discount rate will decrease the value
of money. Therefore, the solutions with low energy performance
or high operational costs will be more advantageous as money will
have a lower value. However, with an increase of the energy price,
the same solutions will become less advantageous. This happens
with Solutions 1.1 and 1.4 as these present higher energy needs
than the reference solution, and an increase in energy price will
make their operational costs also higher. Consequently, they will
become more expensive in relation to the reference solution. On
the other hand, Solutions 1.2, 1.3, 1.5 and 1.6, which present lower
operational costs, become more advantageous with a decrease in
the discount rate and an increase in the energy costs.
Regarding the other building solutions analysed, the same situa-
tion occurs. Some solutions become better and others becomeworse
within the different scenarios. There are only two parameters in
which the conclusions change in the scenarios analysed: the shading
factor – vertical shading (parameter 4), and the heating systems
(parameter 8). With regard to all the other parameters analysed,
the variation on the discount rate and in the energy costs do not
change the conclusions drawn by this study. The sensitivity analysis
of the parameter ‘‘heating systems” is presented in Table 7.
The cost–benefit relation of Solution 8.3 is very similar to that of
the reference solution. However, Solution 8.3 is more expensive
(presenting higher initial and operational costs) while havingith regard to the heat transfer coefficient of external walls.
Energy price variation
5% 6% 3% +3%
0 0 0 0
872 2.801 2.740 2.949 2.956
192 6.024 5.875 6.368 6.400
420 7.207 7.019 7.636 7.685
387 3.339 3.300 3.459 3.435
143 5.002 4.877 5.290 5.318
611 5.442 5.291 5.779 5.824
Table 7
Difference in the value of ‘‘d” for each solution within the different scenarios with regard to heating systems.
d (distance from each solution point to the reference line)
Discount rate variation Energy price variation
1% 2% 3% 4% 5% 6% 3% +3%
Solution 8 0 0 0 0 0 0 0 0
Solution 8.1 28.91 28.55 28.27 28.05 27.89 27.76 28.168 22.482
Solution 8.2 12.54 12.64 12.75 12.86 12.98 13.10 12.773 10.715
Solution 8.3 0.56 0.11 0.26 0.55 0.78 0.96 0.344 6.600
Solution 8.4 64.69 64.14 63.62 63.15 62.69 62.26 63.432 63.429
132 C. Araújo et al. / Applied Energy 173 (2016) 124–133lower energy needs. With an increase of the discount rate, the
value of money decreases, and at some point (from 2% to 3%) Solu-
tion 8.3 becomes slightly better than the reference solution.
Although there are some differences in the conclusions of some
parameters, the sensitivity analysis shows that the results of the
application of the CBA method to the case study present low sen-
sitivity to the variation in the discount rate and energy costs. It is
always important to perform a sensitivity analysis when applying
this method in order to understand the robustness of the
conclusions.7. Conclusions
In this work, a method was developed to not only compare dif-
ferent energy-efficient solutions, regarding their economic and
energy performance, but also select the optimal solution based
on a cost–benefit ratio. This ratio can be translated into the slope
of a reference line in a graphical display and represents the willing-
ness of a particular stakeholder to invest in energy-efficient solu-
tions. The method provided effective results in the comparison of
different alternative solutions when applied to a case study. The
bi-dimensional graphical analysis provides an easy and fast com-
parison between solutions. This helps stakeholders to easily com-
pare building solutions and understand the benefits of their
investment. The cost–benefit method leads to the selection of
higher performance solutions with higher LCC, which are still
desired by stakeholders. This shows an improvement regarding
the CO method, which always selects the less expensive solution
regardless of energy efficiency requirements oriented towards
the achievement of EU 20-20-20 targets. Moreover, considering
that the selection criteria is based on the investment willingness
of stakeholders, this method can boost implementation of sustain-
able practices.
The cost–benefit method can be applied in the design phase of a
new building or in a retrofitting operation with the objective of
selecting the best solution or combination of solutions to improve
energy efficiency. Thus, it can be used as a decision support tool
with a view to helping designers select the solutions with the best
equilibrium between technical and economic performance and the
users/investors best interests.
The cost–benefit method can also be helpful in promoting a dis-
cussion about the less economic solutions, and whether some
financial aid from government may be needed in certain situations.
For instance, the application of this method can help identify some
solutions with good energy performance and a prohibitive cost.
This prohibitive situation is related to the stakeholder’s investment
availability. Therefore, it may be relevant to think about new pro-
grammes where some financial help may be given to stakeholders
in order to promote the implementation of such solutions.
A sensitivity analysis regarding the variation of discount rate
and energy costs was performed, and the case-study results
showed they are not dependent on the variation of energy prices
or discount rates. The results and conclusions from the analysis
of building solutions (through the CBA method) do not changesignificantly with plausible variations of these variables. Moreover,
since the discount rates and the calculation of energy prices were
done using similar methods that were used in other methodolo-
gies, such as the EU’s CO method, the problem related to bad
forecast is common to all methodologies of the kind.
8. Future developments
The gradient of the reference line used to compare different
solutions is the comparative base of the method developed,
representing the willingness of a stakeholder to invest in building
solutions. In the study, a payback period of 8 years was used to
represent common Portuguese stakeholders. In future works, a
more representative gradient for the value of money reference line
will be developed for several types of stakeholders and regions
through a campaign of questionnaires.
It is also worth mentioning that it is possible that the value of
money reference line – establishing the relation between the
importance of money and energy performance – is not completely
linear. This means that the same stakeholder, while having prefer-
ence for a determined payback period, has a different investment
willingness regarding the LCC of building solutions. As a rule, it
is easier to invest in cheaper solutions, even with longer payback
periods, than in expensive solutions with shorter payback periods.
Future works will study the possible non-linearity of the reference
line. Moreover, the development of a 3D CBA regarding separately
the initial and operational costs, and energy performance is pre-
dicted. This will possibly lead to a new comparison method based
not only on the willingness to invest in energy-efficient solutions,
but also on budget or investment availability.
Another future development will be the combination of energy-
efficient measures in the application of this method. This is partic-
ularly important because energy savings are different when mea-
sures are combined. Additionally, the combination of measures is
more representative of the reality, as stakeholders’ decisions are
always simultaneously applied to all measures.
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